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This study investigates how machining parameters affect surface integrity and fatigue performance in 42CrMo4+ QT
steel. Nine turning setups were tested to evaluate surface roughness, residual stresses, and fatigue strength. Fatigue testing
under fully reversed loading (R=—1) at ~150 Hz revealed that the best fatigue performance occurred in the setup with a
cutting speed of 100 m/min, feed rate of 0. mm/min, tool nose radius of 0.4 mm, 0.3 mm total finishing depth (over three
cuts), and coolant applied. Cutting speed showed the clearest benefit, while other parameters had less predictable effects.
Surface roughness did not consistently correlate with fatigue life. Overall, selected machining parameters strongly influ-
ence fatigue behavior, though roughness and residual stresses alone do not fully explain the performance trends observed.
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Introduction

High-strength steels are essential in modern engineering,
particularly for components subjected to dynamic loading,
wear, and high-stress environments. Among these materi-
als, 42CrMo4+ QT (quenched and tempered) steel is
notable for its balanced properties, making it suitable for
strength-demanding applications. This steel is widely used
in sectors such as automotive, aerospace, and heavy
machinery, where components like gears, crankshafts, and
axles require excellent fatigue resistance alongside tough-
ness and wear resistance.>*

Fatigue is a key phenomenon to be studied as it is
the biggest factor of failure in loaded structures.’®
The fatigue performance of metallic material is highly
sensitive to the interplay of material properties, surface
conditions, residual stresses, and machining parameters.’
Additionally, hard turning processes of 42CrMo4, espe-
cially with ceramic or CBN tools and without lubrication,
have gained popularity for economic and ecological
reasons, though they introduce challenges in controlling
surface integrity and roughness.®'°

Given its critical applications and the complex factors
influencing its fatigue performance, 42CrMo4 + QT steel
remains a subject of ongoing research and industrial

interest. 42CrMo4 is a low-alloy steel'! containing chro-
mium and molybdenum, elements known for their ability
to enhance hardenability, high-temperature strength, and
corrosion resistance.'> The steel is normally supplied in
the quenched and tempered condition, which involves aus-
tenitizing, quenching, and subsequent tempering to refine
the microstructure. This process results in a tempered
martensitic-bainitic structure that offers a combination of
high tensile strength, yield strength, and ductility. These
thermal treatments strongly influence mechanical
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performance, as also demonstrated in heat treatment studies
on 42CrMo4 by Chaouch et al.'> The material’s nominal
composition (in wt%) typically includes 0.38-0.45%
carbon, 0.90-1.20% chromium, and 0.15-0.30% molyb-
denum, with minor additions of silicon and manganese.
These alloying elements significantly improve its mechan-
ical properties, making it suitable for applications involving
cyclic and impact loads. This steel is also used in high wear
and load-bearing conditions such as fretting conditions for
instance.'*'> 42CrMo4 has low weldability due to its
high crack sensitivity'®~'®

One of the key parameters influencing high-cycle fatigue
is the surface finish of the specimen.'® In hard turning of
42CrMo4 steel, various machining factors such as feed
rate, cutting speed, depth of cut, and tool nose radius dir-
ectly influence surface roughness and consequently
fatigue strength.®°

Chen et al."” have analyzed the influence of turning
speed and feed rate on aluminium alloy 2024 with particular
focus on high cycle fatigue. A smoother surface generally
enhances fatigue strength by reducing stress concentrations.
This effect is demonstrated by Hamad et al.,>! who investi-
gated a comparable martensitic-bainitic steel with similar
mechanical properties, showing a direct correlation
between improved surface quality and increased fatigue
strength. Salamanca et al.>? developed a predictive model
linking surface roughness and longitudinal residual stress
to key machining parameters such as feed rate, depth of
cut, and tool nose radius. Their research confirms that
surface quality is strongly influenced by the machining
setup. It is worth noting that they use the same material
from the same batch as it is used in this paper.

Moreover, Ozdemir et al.>* applied the Taguchi method
and ANOVA to identify optimal parameters for hard
turning of 42CrMo4 steel. Their results showed that
surface roughness was most influenced by feed rate, fol-
lowed by tool tip radius and cutting speed, with the
optimal Ra achieved at low feed (0.05 mm/rev), high
speed (300 m/min), and shallow cut (0.1 mm).?° Bouacha
et al.>* and Suresh et al.?® also showed that RSM could
effectively model the influence of machining parameters
on surface integrity and cutting forces.

Similarly, Kribes et al.*® used Response Surface
Methodology (RSM) to develop predictive models for
roughness values in hardened steel turning. Their analysis
confirmed that feed rate was the dominant factor, contribut-
ing more than 57% to Ra variability and over 61% to Rt
variability.*?” Though these last mentioned papers focus
only on roughness response to the machining parameters,
these findings reinforce also the critical role of machining
parameters in fatigue-relevant surface characteristics.

The research presented here extends the initial find-
ings®™®>° from the large-scale FABEST project.>’ While
the early phases focused primarily on the size effect,?® sub-
sequent investigations’® revealed the complexity of the
issue, uncovering several additional factors influencing
the results. Notably, during cyclic loading, dynamic
effects led to an unexpected temperature rise,””~° produ-
cing surface temperatures that are uncommon for steel

and aluminium alloys.>® However, similar thermal behav-
iour has been observed in pure copper materials.>*

One of the major challenges in manufacturing metallic
parts is turning with good/excellent surface quality, which
has a significant effect on the fatigue strength of industrial
components. Selecting incorrect or unsuitable values of
machining parameters leads to vibration instability in the
cutting tool and, as a result, excessive roughness is
created on the product’s surface.”>To achieve this goal,
the authors of*® attempted to investigate the simultaneous
effects of tool overhang and cutting depth on the static
and dynamic deflection of the cutting tool in vitro. After
that, the surface roughness was measured in different work-
pieces. Also, to study the high-cycle fatigue behaviour of
products with different surface roughness, four-point
bending fatigue test was performed and stress-life
diagram (S-N) was obtained. In addition, Basquin coeffi-
cients were extracted in terms of surface roughness.
Eventually, the mathematical relationship between
Basquin coefficients and surface roughness was presented
by employing multiple linear regression (MLR) technique.
This work was also done to obtain the relationship between
machining parameters, including cutting depth and tool
overhang, and surface roughness, and finally mathematical
relation of life estimation was presented via the studied
parameters. Next, S—N diagram of CK45 carbon steel con-
sidering surface roughness of 2.07 microns was predicted
using the proposed model and different orders (first-,
second-, and third-order regression). Comparison of the
predicted data with the test results indicated that the math-
ematical model presented in this research®® is well able to
evaluate the fatigue life of carbon steels with different
roughness levels.

To reduce this roughness and enhance fatigue life,
efforts have been made to optimize cutting conditions.
Studies such as those by Ahmed et al.’>’ and Singh &
Rao® show that modeling surface roughness as a function
of machining parameters can enable fatigue life prediction
based on surface condition. The experimental efficiency
of Taguchi’s L18 array in machining analysis has also
been validated in related studies.*%*®

Three primary effects emerged:

1. Surface Roughness: Uneven cross-sections of the spe-
cimens led to variations in the cutting speed, limited by
the capabilities of the available lathe. This, in turn, intro-
duced roughness effects.

2. Surface Residual Stresses (RS): The combination of
sensitive turning conditions and the bulk material’s
microstructure led to variations in the values and homo-
geneity of the surface residual stress state.

3. Specimen Position and Material Hardness: The pos-
ition of the active part of the specimen within the semi-
finished bar influenced the local hardness of the material
in the active cross-section, which in turn affected its
fatigue response.?®

The first two issues were directly related to the machin-
ing process used to produce the specimens. These factors
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Table |. Material parameters from the manufacturer

Ultimate tensile strength Rm  Yield strength Re  Elongation A Cross section Contraction Z  Grain size ~ Reduction ratio
1097 MPa 1002 MPa 16.5% 62.5% 8 25

Table 2. Chemical composition (wt. %)

Cc Mn Si P S Cu Cr Ni Al Mo \ Ti Sn
0.42 0.64 0.21 0.013 0.009 0.02 1.04 0.06 0.026 0.185 0.006 0.001 0.003

likely would not have occurred if the recommended surface
preparation procedures outlined in fatigue testing stan-
dards*>*® —such as grinding and longitudinal polishing
to remove residual stresses—had been followed. However,
it is important to note that these procedures are typically
recommendations rather than strict requirements. In this
study, the mandatory aspects of the standards were
adhered to, but the recommendations were deliberately
not applied in order to replicate surface conditions typical
of industrial practice. This decision aligned with the objec-
tives of the FABEST project, which emphasized cost-
effective manufacturing. The initial target was to achieve
an arithmetic mean surface roughness (R,) of 0.8 pm, but
it was in next phases a bit relaxed to reach at maximum
1.2 pm.

It was found, as reported in,2® that specimens with
smaller cross-sections could not be produced using
turning alone due to low cutting speeds, necessitating sub-
sequent grinding. To maintain cost-effectiveness and
closely align with common industrial practices, it was
decided to use specimens with an 8 mm active diameter
to see the response of specimen properties to various
turning conditions. At this diameter, the lathe operating at
4000 rpm could achieve a cutting speed of 100 m/min,
which was deemed acceptable for surface quality, as sug-
gested by Zielinski et al.*!

A central issue in the study was the level of residual
stresses. The impact of residual stresses during fatigue
loading is complex and depends on several factors, particu-
larly the mechanisms of fatigue crack initiation and
damage. Residual stresses affect the mean stress value of
the cyclic load regime, which is a critical consideration.*?

It is important to note that the residual stress state is not
merely a macroscopic phenomenon, but a complex super-
position of macro, micro, and sub-microscopic stresses.
Capek et al.** highlighted the correlation between macro-
and micro-stresses and high-cycle fatigue life.
Specifically, tensile macroscopic residual stresses were
found to reduce fatigue life. Furthermore, significant
changes in microstresses after many cycles were attributed
to alterations in dislocation arrangements and grain struc-
tures, which are the precursor to fatigue crack initiation.

This study investigated different turning operation
setups, with the goal of minimizing or eliminating the
need for a subsequent grinding phase. The findings demon-
strate how the fatigue life of this steel, commonly used in

strength-demanding applications,
machining conditions.

respond to various

Experimental setup

Material, design of specimens

All specimens were produced from a single batch of
medium-carbon 42CrMo4 + QT high-strength steel,
which was purchased in a quantity of 1.4 tons. The material
came in the form of hot-rolled, quenched, and tempered
bars, measuring 5—6 meters in length with a nominal diam-
eter of 35 mm. All bars were from the same heat, T46157.
The bar manufacturer, TRINECKE ZELEZARNY, as.,
provided the heat data sheet (shown in Table 1), as well
as the chemical composition detailed in Table 2. The com-
position adheres to the ISO 683—17 standard.** The hydro-
gen content is 1.3 ppm, and nitrogen content is 90 ppm,
both of which are well below critical levels. Therefore,
hydrogen embrittlement, a phenomenon typically asso-
ciated with martensitic steels, is not expected to have any
adverse impact.

The material has limited capacity for plastic deform-
ation, as indicated by the similar yield strength and tensile
strength values in Table 1.

The microstructure of 42CrMo4 + QT was analyzed by
light optical microscope (LOM) Carl Zeiss Neophot32
equipped with a CCD camera and analytical software Nis
Elements AR. For detailed observation, the JEOL
JSM-7600F scanning electron microscope (SEM) was
used. The metallographic samples were prepared by follow-
ing steps: wet grinding with SiC paper up to grit P4000, pre-
polishing with a 3 um diamond suspension and final
polishing with colloidal SiO,. To reveal the microstructure,
the samples were etched with 2% Nital reagent (0.2 ml
HNO; +98 ml ethanol). Prior austenitic grains (~20-25
um) can be observed together with tempered lath martensite
with lowered acicularity, lower fraction of homogeneous
bainite, minimum residual austenite and MnS based inclu-
sions (see Figure 1 - left). Detailed analysis (see Figure 1
- right) showed a uniform distribution of fine globular and
partially elongated Fe;C carbides across the martensitic/
bainitic blocks and along the martensitic laths. The micro-
structure of the steel bar is homogeneous along the section.

The first attempt to analyze the fatigue response of the
sample by the hourglass design was made on the sample
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Figure 2. Drawings of the specimen geometries: (left) AO3 series; (right) A25 — A37 series. (all measurements indicated in this figure

are in millimeters)

A03 (see for example,”®*’ based on the manufacturer’s rec-
ommendation for the used fatigue testing machine (see
Figure 2 - left). To comply with ASTM standards,* the
dimensions of all subsequent specimens were slightly
modified Figure 2 - right. Both designs feature hourglass
design to prevent dangerous undercuts between the fillet
and cylindrical central axes, and a thread head with an
M16x 1 thread required to transfer load from the fatigue
testing machine.

Production of specimens (machining parameters)

The specimens discussed in this paper were produced in
three distinct phases, all manufactured at VSB -
Technical University of Ostrava:

1. Phase 0 (Series A03):

This initial phase served as a baseline, where the
machining parameters were selected primarily based
on standard economic practices. The manufacturer ini-
tially assumed that turning alone could achieve the
desired surface finish (Re=0.8 pm). However, the
resulting surface quality fell short of expectations,
requiring manual grinding to meet the roughness target
and making AO3 the only series not finished by
turning alone. This deviation was avoided in all

subsequent phases to preserve the influence of turning
parameters on fatigue behaviour. Phase 0 highlighted
the sensitivity of fatigue performance to surface condi-
tion and confirmed the need for a more controlled and
systematic parameter selection in subsequent phases.

. Phase 1 (Series A25-A29):

Informed by the limitations observed in Phase 0, this
phase explored a range of machining conditions by
varying key parameters such as cutting speed, feed
rate, and finishing cut depth. The goal was to understand
their individual and combined effects on surface rough-
ness, residual stresses, and ultimately fatigue perform-
ance. Grinding was not permitted, allowing the
isolated influence of turning to be studied. The finishing
depth in this phase was fixed at 0.3 mm (cumulative of
the last three cuts). From this moment on, the target
roughness in the production was more relaxed to
achieve at maximum Ra =1.2 pm.

. Phase 2 (Series A35-A37):

Based on both the experimental results from Phase 1
and published literature e.g.,***' the third phase intro-
duced targeted refinements to enhance surface integrity.
The feed rate was reduced to 0.05 mm/rev and the
cutting speed was maximized at 100 m/min-two
changes known to improve surface finish and reduce
tensile residual stresses. In addition, the total finishing
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Table 3. Different turning parameters used for machining the fatigue samples for series A03, A25-A29 and A35-A37. All series were
turned without additional grinding or polishing except A03 where manual grinding was performed

Series
Parameter A03 A25 A26 A27 A28 A29 A35 A36 A37
Cutting speed at D=8 mm ve [m/min] 100.5 75 754 100 62.8 754 100 100 100
Spindle speed [1/min] 4000 2984 3000 3979 2500 3000 3979 3979 3979
Feed rate F [mm/min] 0.1 0.05 0.05 0.1 0.1 0.1 0.05 0.05 0.05
Cooling fluid (last cuts) X X X X X X
Cutter nose radius R [mm] 0.4 0.4 0.4 0.4 0.4 0.4 0.8 0.4 0.4
Last cut height hy [mm] 0.1 0.05 0.1 0.1 0.05 0.1 0.1 0.05 0.1
Second-last cut height hy [mm] 0.5 0.1 0.1 0.1 0.1 0.1 0.2 0.15 0.2
Third-last cut height h3 [mm] 0.5 0.15 0.1 0.1 0.15 0.1 0.2 0.3 0.2
Table 4. Ids of specimens used for residual stress measurements and roughness measurements
A03 A25 A26 A27 A28 A29 A35 A36 A37

Roughness Mondragon 1;2; 11 1;2; 11 1;2; 11 1;2; 11 1;2; 11 1;2;3 I;3;5 I;10; 11

CTU 2;9 ;2 ;2 ;2 ;2 ;2
Res. stress CTU 7,9 ;2 ;2 ;2 ;2 ;2

cut depth was increased to 0.5 mm, aimed at removing
deeper material layers potentially affected by
roughing-induced stresses. These changes were imple-
mented with the intention of improving fatigue perform-
ance through optimized surface preparation.

All specimens were manufactured on a DMG Mori NLX
2500MC/700 machine. In every case, rough cuts were made
using the Decocut 1040 process fluid, with a cutting depth
of 0.5 mm. The tooling included the C4-PDJNR-27055-
I5HP insert holder and Sandvik Coromant inserts:
DNMG 15 06 08-MM 1125 (with a nose radius of 0.8
mm) and DNMG 15 06 04-SM 1125 (with a nose radius
of 0.4 mm). The specific machining setups for each phase
are outlined in Table 3. Notably, in Phase 1, the cutting
speed varied between 62.8 m/min and 100.5 m/min at the
smallest diameter of the specimens (the critical zone for
fatigue), along with variations in feed rate and final cut
depth. For all specimens in Phase 1, the last three cuts
were combined to a total cut height of 0.3 mm. It needs
to be mentioned that the spindle speed is kept constant
and the indicated cutting speed in Table 3 is reached at
the D=8 mm, elsewhere the cutting speed is higher.

Based on the findings of Zielinski et al.*' and the fatigue
performance observed in Phase 1, the cutting speed for
Phase 2 was set to the maximum value of 100 m/min. It
is worth mentioning that this is practically typical
maximum cutting speed for a specimen of the minimum
diameter of 8 mm, because many lathes cannot exceed
4000 rpm. If other authors refer to higher cutting speeds,
they likely focused on manufacturing specimens of signifi-
cantly bigger diameters. The key differences in Phase 2
were the cutter nose radius (set to 0.8 mm for A35) and
the configuration of the final three cut heights. These adjust-
ments were designed to achieve a combined total height of

0.5 mm for the last three cuts. This approach aimed to
remove a deeper layer of material, which was presumed
to be significantly influenced by residual stresses intro-
duced during the earlier roughing phase. Moreover, the
machining parameters selected for Phase 2—specifically
the reduced feed rate of 0.05 mm/rev and the high cutting
speed—were based on both the outcomes of Phase 1 and pre-
vious literature e.g.,*>*! which indicate that lower feed rates
and higher cutting speeds generally improve surface finish
and reduce tensile residual stresses. These refinements
were therefore not arbitrary but reflect a deliberate strategy
to enhance fatigue performance through improved surface
conditions.

As regards the specimens from each series chosen for the
subsequently described measurements, the list of their IDs
is provided in Table 4.

State of residual stress

Macroscopic residual stress measurements were performed
on each series, with the number of measurements per series
specified in Table 4. For each configuration, residual stres-
ses were measured on at least two specimens, and in most
cases, three specimens were analyzed to ensure reproduci-
bility. The measurements were conducted using X-ray dif-
fraction at the Czech Technical University in Prague.
During the analysis, the specimen was slowly rotated, and
the reported values represent an average taken along the
full circumference at the measurement location.

To ensure consistency, residual stresses were measured
at the location of the smallest diameter—referred to as the
hot spot-where stress amplitudes during fatigue testing
are highest and cracks are most likely to initiate. This loca-
tion corresponds to the same region where surface rough-
ness measurements were performed, facilitating direct
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correlation between surface
performance.

For the AO3 experiments, residual stress measurements
were conducted only after constant-amplitude, load-
controlled fatigue tests, where lifetimes exceeded 1
million cycles in both cases. Despite the extended number
of cycles, the measurements intentionally avoided the
hot-spot region (where cracking occurred), as this area
could experience a significant alteration due to cyclic
loading. Instead, measurements for A03 were taken 8 mm
away from the minimum diameter, a location with substan-
tially lower local stresses during loading. In all other cases,
measurements were conducted at the minimum diameter,
where the critical stress is reached.

Lattice deformations of the diffraction lines Kal of the
planes {211} of the ferrite phase were analyzed using the
X'Pert Pro MPD diffractometer with chromium radiation.
The diffraction angles 26" were determined by using the
Pearson VII function and the Rachinger method. Standard
X-ray elastic constants Y25, =5.76 TPaﬁl, s1=-1.25 TPa~
!, and the sin?y method were used to calculate the state
of residual stress. The irradiated volume was defined by
the geometry of the experiment, the rotation of the speci-
mens, the effective penetration depth of the X-ray radiation
(approx. 5 pm), and the pinhole size (0.25 x 0.3 mm?).

integrity and fatigue

Roughness measurements

Surface roughness measurements were performed inde-
pendently at CTU in Prague and Mondragon University,
using different equipment and methodologies:

e M1 measurement type: At CTU, a Mahr MarSurf LD 120
mechanical profilometer was used to measure roughness
along a single longitudinal path located at the smallest-
diameter section of the specimen—the fatigue-critical
hot-spot. The total measurement length was defined
based on five Rsm wavelengths to provide high-
resolution data from this region. At CTU, the reported
roughness is based on a single measured length of five
wavelengths taken from the central section of the
specimen.

e M2 measurement type: Phase 0 and Phase 1 series
(A03-A29) were measured at Mondragon University
using a Mitutoyo Surftest SJ-210 device with the meas-
urement length analyzed at six positions: three at the
central hot-spot region, spaced 90° apart around the cir-
cumference, and three closer to the specimen heads. The
addition of measurements out of the center zone
responded to a specific issue observed in the central
zone of the specimens: a step-like surface defect resulting
from machining. These out-of-center points were
selected within the region subjected to steady-state
cutting and do not correspond to areas with significant
variations in cutting speed, as they remain relatively
close to the central zone in terms of geometry and
cutting conditions.

e M3 measurement type: To increase consistency of mea-
surements at Mondragon University and their

comparability with the CTU method, only the measure-
ments in the central minimum cross-section were kept.
The original trio of measurements at angle 0, 90 and
180 degrees was replenished by measurements at three
more angular positions at 45, 240 and 300 degrees.

Fatigue tests

Fatigue tests were conducted using the Amsler HFP422 res-
onator, which operates near the resonance frequency of the
machine-specimen system. For the specific specimen
design used consistently throughout the testing campaign,
the load frequency remained. In this setup, the operating
frequency was approximately in the range of 152-154 Hz.

All tests were performed under fully reversed push-pull
loading. Each test was concluded either by the obvious
rupture of the specimen or upon exceeding one of the pre-
established criteria:

e Frequency drops by 5 Hz (Phase 0), 22 Hz (Phase 1 and
2).

o The load amplitude changes by +0.2 kN (Phase 0), +0.5
kN (Phase 1 and 2).

e Mean load changes by +0.5 kN (all series).

e 2.107 cycles are reached. These specimens are classified
as run-outs.

Main focus in this paper was focused on the area of High
Cycle Fatigue (HCF) with transition to the fatigue limit
(051) domain.

In Phase 0, fatigue tests were stopped when a frequency
drop of 5 Hz was detected, while in Phases 1 and 2, the
threshold was adjusted to 22 Hz to better reflect the
higher operating frequency (~150 Hz) and ensure consist-
ent detection of crack propagation onset. This change
does not affect the comparability of S-N data, as the fre-
quency drop occurs very rapidly near failure, and differ-
ences in cycle count at this stage are negligible in the
high-cycle fatigue regime.

Results

Roughness values

The roughness values achieved are shown in Table 5 and
Figure 3 for the Ra parameter and in Table 6 for the Rz par-
ameter. The reported values are shown for two or three spe-
cimens per series, and measurements by both mentioned
machines.

The A03 series is not evaluated in Figure 3 regarding the
effect of the turning setup on the final surface roughness
quality, as its production involved a final manual grinding
phase. The roughness measurements for the A25 and A26
setups exhibit significant scatter in both Ra and Rz values,
indicating a lack of consistency in the manufacturing
process. Despite this variability, the A26 setup achieved
some of the lowest roughness values observed within the
scope of the tests, highlighting its potential for improved
surface quality under optimized conditions.
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Table 5. Roughness Ra values measured on specimens. Note: * roughness values affected by manual grinding. In all other cases, the last
surface-modifying process was turning. The roughness values are written in sequence related to the order of specimen IDs presented in

Table 4
Ra [um]
AO3* A25 A26 A27 A28 A29 A35 A36 A37
Mondragon Mitutoyo Measurement type M2 M2 M2 M2 M2 M2 M3 M3 M3
|.44 0.86 0.92 0.96 0.62 0.86 1.30 1.28
0.78 0.49 1.18 1.14 0.69 0.88 1.21 1.21
261 0.37 0.99 0.85 0.62 0.95 1.08 1.30
Mean 1.61 0.57 1.03 0.98 0.65 0.89 1.20 1.26
SD 0.76 0.21 0.11 0.12 0.04 0.04 0.1 0.04
Ccv 47% 37% 1% 12% 6.2% 4.5% 8.3% 3.2%
CTU Mahr Measurement type Ml Ml Ml MI Ml Ml Ml Ml MlI
0.69 1.30 0.97 1.06 1.6l 0.60 0.60 1.04 1.17
0.54 0.82 0.31 1.39 2.00 0.69 0.55 0.82 1.00
1.01 0.85 1.17
Mean 0.61 1.06 0.64 1.22 1.81 0.64 0.72 0.90 111
SD 0.08 0.24 033 0.17 0.2 0.05 0.21 0.1 0.09
cv 13% 23% 52% 14% 11% 7.8% 29% 1% 8.1%

The difference in roughness values measured at
Mondragon and CTU for the A28 specimens is notable:
the magnitude of the values differs significantly, although
the relative difference between specimens 1 and 2
remains similar. This discrepancy may stem from differ-
ences in signal processing methodologies. For A28 speci-
mens, additional measurements conducted at CTU out of
the central position revealed significantly lower roughness
values compared to the measurements in the center. When
such values are included in the averaging process, they
can lead to lower overall roughness values, as observed in
Mondragon’s results. For other Phase 1 specimens, such
pronounced differences based on the longitudinal position
of the measured length were not observed.

Among all configurations, scenarios A26 and A29
exhibit the most favorable surface roughness values,
depending on the measurement source. While A29 shows
the lowest and most consistent roughness values in the
CTU dataset, A26 achieves the lowest average Ra values
across both CTU and Mondragon measurements, aligning
more closely with the target Ra of 0.8 pm. This outcome
is consistent with expectations, as A26 was machined
with a lower feed rate (0.05 mm/rev vs. 0.1 mm/rev in
A29), a parameter known to reduce both surface roughness
and tensile residual stresses. In contrast, the Phase 2 setups
(A35-A37) meet only the more relaxed roughness target
related to modified specimen type with higher requested
allowable roughness Ra = 1.2 pm, with only A35 approach-
ing acceptable levels.

Residual stresses

The residual stress values summarized in Table 7 and
Figure 4 are derived from post-processing individual mea-
surements, capturing the minimum and maximum residual
stresses in each direction across multiple specimens (z in
Table 7) of each evaluated series. Specifically, the first

value in the X+Y format represents the mean of the
minimum and maximum stresses obtained from all mea-
sured specimens. This is not an average stress value itself
but rather a midpoint of the extreme values. The Y-value
denotes half of the range (span) between the minimum
and maximum residual stresses for the given configuration.

The results in Table 7 and Figure 4 represent overall
residual stress levels. A wide variation in residual stress
values across all series is observed, ranging from —490
MPa (compression, A03 setup) to 442 MPa (tension, A27
setup) in the axial direction. Among these configurations,
A26, A35, and A36 exhibit residual stress values closest
to zero. A clear directional dependency is evident, with
higher tensile stresses typically present in the axial direction
and lower stresses in the tangential direction. The exception
is the A29 setup, which displays a nearly equibiaxial stress
state despite pronounced stress magnitudes.

In terms of axial residual stresses, the A03 configuration
stands out as particularly favorable due to its high compres-
sive stress levels. However, while moderate compressive
stresses are known to delay crack initiation and enhance
fatigue life, excessively high compressive stresses can
become counterproductive by promoting local plasticity,
stress relaxation, or early crack growth. Similarly, the A37
series exhibits significant compressive axial stresses, but
the variability is large, with measured values ranging from
approximately zero to —350 MPa. This series demonstrates
the largest scatter of residual stresses among all configura-
tions, indicating inconsistent quality of the manufactured
product. The A35 configuration also shows considerable
scatter, though centered around nearly zero residual stress
values, further reflecting variability in process stability.

Surface artefact

Interestingly, a consistent and repeatable groove was
observed in the middle of the specimen’s surface, regardless
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Figure 3. Bar plot of roughness Ra and Rz (mean value with indicated standard deviation) values measured on specimens comparing
measurements at Mondragon and CTU in Prague without A03 (mean Ra=0.61 and Rz=4.56) which has not been measured at both

facilities

of the machining parameters (see Figure 5). This groove
deviates from the regular surface profile by approximately
10 pm, measured between the highest peak and the
lowest point, and extends over a length of 400-500 pm.
Given that the machining conditions were deliberately
varied across the series without affecting the occurrence
of the groove, errors in the turning parameters can be
ruled out.

The most plausible explanation lies in the machining
process itself. As the cutting tool transitions between the
two specimen heads while shaping the radius, it undergoes
a trajectory change—from moving inward to the specimen
axis to shifting outward. It is likely that a slight clearance

in the lathe mechanism contributes to this irregularity, intro-
ducing a subtle deviation at a specific point in the process.

The groove is uniformly present in all roughness meas-
urement paths analyzed in M1 measurement type.
Because it is a single artefact in the longitudinal direction,
its peak value affects rather the Rz value which focuses
on maximum and minimum height of the profile than it
affects Ra value, in which its effect diminished. Based on
the roughness of the surface nearby, the importance of
this single artefact is highlighted or diminished for individ-
ual series.

When the implications of this artefact were analyzed
after the tests, a question was placed if it does not affect
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Table 6. Roughness Rz values measured on specimens. Note: * roughness values affected by manual grinding. In all other cases, the last
surface-modifying process was turning. The roughness values are written in sequence related to the order of specimen IDs presented in

Table 4
Rz [um]
AO3*  A25 A26 A27 A28 A29 A35 A36 A37
Mondragon Mitutoyo Measurement type M2 M2 M2 M2 M2 M2 M3 M3 M3
7.44 4.63 4.13 5.03 3.00 5.25 7.31 8.03
4.16 2.54 5.11 5.80 2.84 5.10 7.52 7.03
9.74 2.01 4.46 4.00 3.36 4.67 6.47 7.75
Mean 7.11 3.06 457 4.94 3.07 5.01 7.10 7.60
SD 229 1.14 0.4l 0.74 0.22 0.25 0.46 0.43
Ccv 32% 37% 9% 15% 1.2% 5% 6.5% 5.7%
CTU Mahr Measurement type MI Ml MI Ml Mi MI Ml MI MlI
4.63 6.88 5.27 5.05 8.0l 2.88 3.63 6.19 6.69
4.50 433 1.99 5.55 9.08 3.35 281 4.40 5.67
5.66 5.62 6.69
Mean 456 561 3.63 5.30 8.54 3.12 4.03 5.40 6.35
SD 0.07 1.28 1.64 0.25 0.54 0.24 1.2 0.75 0.49
Ccv 1.5% 23% 45% 4.7% 6.3% 1.7% 30% 14% 1.7%

Table 7. Statistically processed results of macroscopic residual
stresses, explained in the text. Note: * In the case of A03
experiments, the values were obtained after the fatigue tests were
finalized. They relate to the location 8 mm away from the
minimum diameter, which should be minimally affected by the
preceding loading

Residual stresses in MPa

Series Axial Tangential
AO3* —490 + 81 —340+£39
A25 102 +42 —17+60
A26 55+6l 102+ 116
A27 442 +35 113+40
A28 222+42 —62+53
A29 207 +23 184+ 109
A35 -36+114 —60+59
A36 43+ 69 4977
A37 —184+ 168 —76 +85

also the residual stress distribution. If the theory of the
machine clearance was true, the loads induced by the tool
should diminish at some longitudinal position along the
tool path. It was decided to analyze this effect by several
residual stress measurements along the specimen longitu-
dinal axis. For this experiment however, another material
and semi-product was used, because the specimens
described in this paper have already been broken. The ana-
lyzed specimen of the type used for Phases 1 and 2 was fab-
ricated from the high-strength steel 36NiCrMo6 +QT.
The axial residual stress profiles in Figure 6 refer to
several locations in the longitudinal direction and show
that the impact of the turning artefact on residual stress dis-
tribution can be significant. It must be admitted that the
steep stress gradient around the central location obscure
the exact value of residual stress, if only one value along
the specimen length was obtained in all previous cases.

The peak decrease in residual stress value can be in tens
of percents from the nominal value. It can be only
guessed to which extent such change projects into the
final fatigue life. It is obvious that more care must be dedi-
cated into exact localization of the residual stress measure-
ments in further experiments.

Fatigue strengths

The fatigue response is illustrated in the two graphs pre-
sented in Figure 7 and Figure 8. The series corresponding
to the machining setups Axx are represented as fatigue
curves FABxx (as that indicates the connection to the
FABER project). In addition to the data points for each con-
figuration, the fatigue curves were derived using regression
based on the Kohout-Véchet equation®®*”:

b
N+B:| )

a — C.
. a|: N

In this model, o, is the applied stress amplitude and N is
the number of cycles to failure. The parameters a and b are
material constants, where a represents a fatigue strength
coefficient (scaling factor — for large N, the fatigue strength
asymptotically approaches the fatigue limit at a-C”) and b
defines the slope of the S—N curve on a log-log scale. The
constants B and C are nbers of cycles at the transition
between quasi-static region and the inclined part and the
inclined part and the fatigue limit region, respectively,
ensuring a smooth and continuous curve across the full
range of fatigue lives. This formula is effective in capturing
fatigue behaviour as it transitions from the typical power-
law region in the finite-life domain to the region approach-
ing the conventional fatigue limit. Parameters of K&V
regressions are in Table 8 (Phase 1) and Table 9 (Phases
0 and 2).
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Figure 5. Roughness profile of the A35 specimen, revealing a small groove with a ~10 um deviation located at the midpoint of the
specimen. This region corresponds to the area of the smallest diameter, which is subjected to the highest stress amplitude during fatigue

testing

Figure 7 refers to the results from Phase 0 (A03 series,
which were manually ground to achieve the desired rough-
ness) and Phase 1 (series A25-A29). Without the available
residual stress measurements (see Table 7 and Figure 4),
which reveal the extreme compressive residual stresses of
the A03 configuration, the superior performance of the
AO03 series would be challenging to interpret as the A03
series demonstrates the best fatigue performance among
these series.

When evaluating the performance of specimens in Phase
1, the fatigue curves associated with A27, A29, and A25
exhibit superior performance compared to A26 and A28.
The poorest results are observed for the A28 setup, likely
due to its use of the lowest cutting speed across all

combinations. The second lowest fatigue performance is
seen with the A26 setup. Although A26 and A28 share
the same cut area (0.05 mm x 0.1 mm) with transposed
sides, A26 employs a higher cutting speed. This may
account for its lower roughness values and reduced residual
stresses, resulting in an improved fatigue response com-
pared to A28. It can be hypothesized that achieving an
optimal cutting speed is crucial for proper chip formation
while minimizing unnecessary plastic deformation and the
associated residual stresses, thereby enhancing fatigue
performance.

The slightly poorer performance of A25 beyond 1
million cycles is primarily influenced by a single
outlier data point. This outlier notably affects the position
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Figure 7. S-N curves of specimens from series A03 to A29. Ra refers to the roughness parameter and RS refers to residual stresses
where a and t concern axial and tangential directions, respectively

of the fatigue curve near its vicinity, as it lies close to the  of A26. This increased scatter is likely linked to the vari-
boundary of the interpolated region. The A25 fatigue ability in roughness values observed for A25, as detailed
curve also displays a significantly higher scatter of data in Table 5 and Table 6 with visualization of Ra
points compared to the other curves, with the exception roughness.
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Figure 8. S-N curves of specimens from the best performing series from Phases 0, | and Phase 2. Ra refers to the roughness par-
ameter and RS refers to residual stresses where a and t concern axial and tangential directions, respectively

Table 8. Parameters of the regression functions that describe the S-N curves using K&V regression for Phase | series

Parameter A25 A26 A27 A28 A29
Kohout-Véchet law ¢ a 2.51E+03 5.92E+403 2.40E 406 7.30E+ 06 4.93E+06
b —1.36E-01 —2.23E-01 —7.35E-01 —8.62E-01 —8.12E-01
B |.48E+ 03 I.00E + 00 6.02E + 04 3.98E + 04 5.26E +04
C 3.41E+06 2.62E+05 | .40E + 05 I.06E + 05 I.12E+ 05
R? 9.26E-01 9.37E-01 9.80E-01 9.55E-01 9.50E-01
SiogN 2.70E-01 3.25E-01 2.37E-01 1.81E-0l 3.51E-01
Ss 2.94E+4 01 2.70E+0I 1.28E+01 2.29E+4 01 2.43E+40I
n of points 10 10 10 10 16

Considering the high residual tensile stresses induced by
the A27 setup, it is surprising that it achieves the best
fatigue performance among the Phase 1 experiments. The
A29 setup follows closely behind, despite its superior
roughness values and lower residual stresses compared to
A27. The position of the A29 fatigue curve is notably influ-
enced by the greater scatter of its data points, which exhibit
twice the standard deviation in stresses compared to the
A27 curve. Although the residual stress and roughness mea-
surements for the A29 setup indicate high homogeneity,
this curve is based on 16 data points, in contrast to the 10
data points used for the other series. This might mean the
specimens analyzed for roughness and residual stresses
may not fully represent the variability in the A29 setup.

An intriguing observation from the experiments in
Phases 0 and 1, as illustrated in Figure 7, is that above a

stress amplitude of 600 MPa, the influence of residual stres-
ses appears to diminish to the point where the fatigue curves
converge. This occurs despite the yield strength of this
batch of QT steel being 1003 MPa. In this high-stress
region, the regression curves are typically influenced by
only one or two data points, making it difficult to assess
any residual surface stress and roughness effects based on
these observations.

The results of Phase 1 suggested that surface roughness
values and residual stress measurements taken directly on
the surface may not fully explain the observed fatigue per-
formance. A key undocumented factor could be the residual
stress profile beneath the surface. It was hypothesized that
overly shallow final cuts might have partially removed
the residual stress profile near the surface, inadvertently
exposing regions of high tensile stresses that would
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Table 9. Parameters of the regression functions that describe the S-N curves using K&V regression for Phase 0 and Phase 2 series

Parameter AO03 A35 A36 A37
Kohout-Véchet law a 2.22E+04 1.39E+03 2.00E + 06 2.89E+08
b —3.14E-01 —7.21E-02 —6.79E-01 —1.09E+ 00
B 7.30E + 04 5.96E + 04 1.36E + 05 |1.46E + 05
C 2.00E + 05 1.04E + 14 2.43E+05 2.48E + 05
R? 9.84E-01 9.73E-01 8.60E-01 9.53E-01
SiogN 2.44E-01 2.20E-01 6.24E-01 2.20E-01
S¢ 9.88E + 00 1.68E+ 01 3.26E+01 2.03E+0lI
n of points 10 5 7 8

0=0u[(N+B)/(N+C)]°

OFL
K R*OFL

..............................

H H >»
o logB logC  logN

Figure 9. Schematic description of K&V correction with focus
on FL by using the roughness correction of the fatigue limit by kg
factor from the FKM guideline?

otherwise remain deeper within the material. To address
this, Phase 2 designs were modified to remove 0.5 mm of
material with the last three finishing cuts, compared to the
0.3 mm removed in Phase 1 specimens. Additionally,
based on research by Zielinski et al.,*' a cutting speed of
100 m/min was chosen, corresponding to a spindle speed
of 4000 rpm for the smallest specimen diameter.

The adjustments made to the turning setup were partially
effective, as illustrated in Figure 8, which includes the best-
performing setups: A03 from Phase 0, and A27 and A29
from Phase 1. All three new fatigue curves achieved
higher lifetimes compared to the Phase 1 setups. The
improvement of the fatigue performance came with its
cost due to newly emerging cases of specimens with
cracks initiated outside the active section, specifically at
the threads used for gripping the specimen. Such cases
can be treated like run-outs, because the regular section of
specimen is likely to withstand more cycles than observed.
These prematurely broken specimens are not included in
Figure 8 in order to simplify the already visually compli-
cated figure.

Due to this issue, curve A35 is described by only 3 valid
points, which however lie in the highest position in their
region. To allow also the manufacturing parameters of
this curve to be analyzed, a compromise was accepted,
and two more topmost lying outliers (cracks in threads)
were admitted for the Kohout-Véchet regression analysis
to illustrate the trend, as only three points would not

allow to run the regression leading to four unknowns. The
A35 curve is depicted in Figure 8 only in its interpolation
region to which the used outliers do not belong.
Interestingly, such issues with premature cracks in threads
were not observed in the A03 setup, despite its fatigue per-
formance being very similar to that of A35.

The sequence of curves in Phase 2 reflects the variations
in roughness values (although the roughness difference
between A36 and A37 is minimal). However, there is no
clear explanation as to why the setup associated with A37
results in the poorest fatigue response in Phase 2, consider-
ing the analysis of residual stress values.

Discussion

Corrections to roughness and residual stresses

A correction using the Rz roughness coefficient can be
employed according to FKM Guideline® to modify the
fatigue limit by the &z factor:

kp =1 —0.22 - log(Rz) - log(2 - R,, / 400) )

For all the subsequent calculations, the Rz roughness
values delivered at the CTU via the M1 measurement
type (see Table 6) were used to ensure the consistency
across all measured series. The basic assumption accepted
in this paper is that the tensile strength at which the K&V
model has the upper asymptote is not affected by the rough-
ness at all, and also that the characteristic lifetimes B and C
close to which the K&V curve changes its trends are not
affected by the roughness values, see Figure 9.

As the modification is focused on the transition to the
fatigue limit (ideal ox; of polished specimens moves to
kr'orz), the K&V model from Eq. (1) is rewritten to an
alternate format using the fatigue limit value:

b
N—i—B} _ 3)

Oq = 6FL|:N+C

Since B and C are not affected in Eq. (3), the modifica-
tion of the curve in the fatigue limit parameter must be
accompanied by modifying also the exponent parameter
from b to by
N + B

} 4)

= kg - -T2
n=heon 5 ¢
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Figure 10. (left) K&V regression curves of all series with parameters stated in Table 8 and Table 9, (right) corrections of K&V curves

with respect to measured roughness values via Eq. (4)

If both formulas Eq. (3) and Eq. (4) are compared at the
tensile strength (V= 0), it can be proven that:

+b

®)

In the case of the application here in this study, the speci-
mens relate to the bottom curve in Figure 9, i.e., the fatigue
limit derived from K&V approximations in Figure 7 and
Figure 8 equals to kz'or;, and the idealized fatigue limit
must be derived from it by dividing its value by ki coeffi-
cient. As its values vary between 0.85 and 0.92, this
moves all curves at the bottom asymptote upwards, see
Figure 10, while the slope coefficient b of the polished
fatigue curves must be computed from the b, coefficient
related to the experimental data (Table 8, Table 9).

Figure 10 illustrates the Kohout—Véchet S-N curves, if
the modification introduced in Egs. (2)-(5) was applied,
though deployed on a limited range of experimental data.
Though the Kohout-Véchet curve allows the transition of
the trend to horizontal asymptotes in the quasi-static or
fatigue limit domains, this change of the trend is usually
driven by few outmost-lying specimens. Because the cover-
age by experiments in these areas is usually insufficient,
these plots are not intended for evaluating the trends in
those plateaus but for evaluating the change in the mutual
positions of curves in their interpolated domains.

Though the final S-N curves in Figure 10 (right) relate to
the same Rz of lum, they are still affected by differing
residual stresses, which means they cannot be directly

compared each to other. To see, if there is any trend in
the response in fatigue life to the imposed residual stress,
the relation between the obtained fatigue strength at 1
million cycles for modified and non-modified S-N curves
from Figure 10 and the measured residual stresses is
depicted in Figure 11. It is based on a commonly accepted
assumption that the residual stresses act similarly to mean
stresses of fatigue cycles. The fatigue strength at 1
million cycle is chosen instead of the comparison of ox;
values. Derived fatigue limits are too affected by a
limited number of specimens defining the fatigue curve in
the fatigue limit region (as mentioned for A35).

Figure 11 shows that a specific trend similar to the Haigh
diagram can be traced in a limited way only: both graphs
show decrease of the allowable stress amplitude with
increasing mean stress. The data points remain rather scat-
tered in both graphs (before the roughness-based modifica-
tion and after applying it). It is true that the scatter of the
data points from linear trends decreases after the roughness
modification is introduced, but the improvement is only
mild. This is the obvious proof that the already mentioned
suspicion of another relevant and unaccounted parameter
in the study can be realistic. The mentioned micro-notch
artefact and the abrupt changes in the residual stress distri-
bution along the longitudinal direction (see Figure 6) is one
of the potential reasons, because at distances of tenths of a
millimeter, the detected levels of residual stresses may vary.
However, based on the course of Figure 6 and the difference
in residual stress values in Table 7, it can be argued that the
influence of the notch is smaller than the absolute differ-
ences between the individual series.
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Figure I 1. Relationship between axial (top) and tangential (bottom) residual stresses with respect to the fatigue strengths related to
1,000,000 cycles: (left) from experiment, (right) corrected to reflect roughness

Correlation matrix

Determining the exact contribution of each parameter to a
specific outcome is challenging. In the following section,
a simplified correlation matrix ( Figure 12) that examines
the relationship between turning parameters Table 3
(binary 1 for yes and 0 for no as regards the cooling) and
key outcomes is presented. These include surface roughness
(Ra, considering only the mean value measured at CTU),
residual stresses (both axial and tangential), and fatigue
strength at 1,000,000 cycles from regression curves, param-
eter of which are in Table 8 and Table 9.

The correlation matrix Figure 12 provides insights into
the relationships between machining parameters and
fatigue life outcomes. Using the conventional approach
for interpreting Pearson’s correlation coefficient, we can
analyze the strength and significance of these relationships.
The evaluation was performed as suggested by Schober
et al.,>® although the correlation coefficient can be inter-
preted differently.>" Schober et al.>* outlines a conventional
approach to interpreting correlation coefficients, where a
value between 0.00-0.10 indicates a negligible correlation,
0.10-0.39 a weak correlation, 0.40-0.69 a moderate

correlation, 0.70-0.89 a strong correlation, and 0.90-1.00
a very strong correlation. The same absolute values but
with the minus sign show a similar level correlation but
in the opposite trend, when increase in a parameter value
leads to decrease in a value of the other parameter.

Some of the key detected dependencies are also high-
lighted separately in Figure 13.

Cutting speed (from 62.5 to 100 m/min): The correl-
ation matrix shows its utmost importance in delivering spe-
cimens with a good fatigue strength. The higher cutting
speed (within limits evaluated here), the better fatigue per-
formance was obtained. On the other hand, its effect on
other observed parameters (residual stresses or roughness)
is rather weak (though not negligible).

Feed rate (either 0.05 or 0.1 mm): Somewhat surpris-
ingly to our team, practically no correlation with any
observed parameter was found. This outcome could be
caused either by a limited range of evaluated values, and/
or other inputs hiding its effect.

Last cut height (either 0.05 or 0.1 mm): A weak cor-
relation with fatigue strength is detected, where the
deeper cuts led to higher fatigue strength. A more promin-
ent is the trend of decreasing roughness with increasing last
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cut height, which is observed despite low variability of the
input parameter. Both trends are showing that the attempt to
improve properties by decreasing the cut height is ineffect-
ive and the cut height of 0.05 mm causes rather harm, prob-
ably due to worse chip formation or possibility of
occasional sliding of the tool over the specimen surface.
Second last cut height (from 0.1 mm to 0.5 mm): Only
one setup was tested with the height of 0.5 mm (A03) and
the rest of cases was within narrower range between 0.1 and
0.2 mm. Thanks to the higher variability of the input
however, the correlation of observed parameter with the
second cut height is much stronger than in any other

cases here. The bigger is this height, the lower are both
residual stress parameters and also the fatigue strength
increases. The relation between both observed parameters
is already documented in Figure 11 and complies to the
expectations of the Haigh diagram.

What surprises however is the effect of the second last
cut height on any of these observed parameters. The
minimum applied last cut height was 0.05 mm in any
case. Within FABER project, multiple attempts to observe
also the residual stress profile into the depth were made
(but none related to the series described here, and thus the
graphs are not reported here), and in all cases the residual
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stresses diminished practically to zero at 40-60 microns.
The last cut should remove them completely, and its
effect on the roughness level after the second last cut is
also obvious. This means that the detected dependency is
very likely caused by the single value of 0.5 mm in A03
which led to superior fatigue strengths, while the improved
Ra roughness relates to the only case of grinding the
surface. The extreme broadening of the confidence interval
in Figure 13 is another symptom of the uncertainty related
to the only item with high second last cut in the set.

Use of cooling (yes vs no): As expected, the use of
cooling decreases residual stresses to some extent and posi-
tively affects the fatigue strength. Its negligible influence on
roughness is also in line with general expectations.

Ra roughness effect (0.6—1.8 pm): Decrease of rough-
ness correlates with increase of fatigue strength. A moder-
ate positive correlation was however found also to the
axial residual stress, while the correlation to the tangential
residual stress is practically zero.

Residual stresses: Both axial and tangential residual
stress parameters are mutually strongly correlated. It is
not surprising at all that the lower they are the higher is
the fatigue strength, which is clearly documented also in
Figure 11.

Some of the above-mentioned observations are far
from being surprising (the effect of residual stresses,
the impact of cooling on residual stresses only or increase
of fatigue strength with decreased roughness). The ana-
lysis of the effect of process parameters brings along
some interesting points — the very minor effect of the
feed rate or the last cut height effect, which favors
rather 0.1 mm than 0.05 mm. It can be only speculated,
whether the possible clearance that could cause the
single artefact reported in Sec. 3¢, could also affect this
performance, and whether a newer CNC machine
would result in the same outcome.

Conclusion

This study demonstrates the significant impact of
machining parameters on fatigue performance in
42CrMo4 + QT steel specimens, revealing substantial
variations in fatigue strength ranging from 360 MPa to
510 MPa at 1 million cycles. The correlation analysis
provides some insights into the relationships between
machining parameters and fatigue life, with cutting
speed showing a strong positive correlation with
fatigue life across different cycle ranges. The depth of
second last cut demonstrated strong positive correlations
with fatigue strength at 1 million cycles, but it is
explained in the paper that this is rather an outcome of
an iterative search for better performing setups of
machining parameters, while the systematic design of
experiments process would result in other conclusions.
While surface roughness and residual stresses are
important factors, their relationship with fatigue strength
is more complex than previously assumed. Surface rough-
ness shows a moderate negative correlation with fatigue
strength at 1 million cycles, while axial and tangential

residual stresses demonstrate moderate-to-strong negative
correlations. Notably, these surface measurements alone
prove insufficient as reliable predictors of overall fatigue
performance, despite their common use in manufacturing
inspection.

To better account for the effects of surface roughness on
fatigue performance, we propose a modification of the
Kohout-Véchet (K&V) model by introducing a roughness
correction coefficient based on FKM-Guideline formula.
This adjustment allows for a more accurate estimation of
fatigue limits based on surface conditions and provides an
improved predictive capability for high-cycle fatigue
behaviour. The correction successfully aligns fatigue life
predictions across different machining configurations, redu-
cing data scatter and offering a refined approach to fatigue
analysis.

The confrontation of the results of the roughness correc-
tion in a graph similar to Haigh diagram shows that the
scatter in available data remains excessive, proposing that
some non-included effect induces it. Two potential
reasons are proposed:

e The micro-notch of 10 microns height along approxi-
mately 0.4 mm length of the specimen in its central
section is observed on all specimens, irrespective
which manufacturing setup was used. It probably origi-
nates from a clearance in tool-machine connection. It
does not represent only surface defect, but a study on
another high-strength steel documents in Figure 6, that
it causes changes in residual stress distribution along
the specimen axis.

e The residual stress information from XRD only on the
surface need not be sufficient to relate the effect of
machining parameters on the fatigue life of specimens.
The residual stress profile into the depth could show
more (and also to confirm the assumption that the import-
ance of the second last cut height highlighted in the
Pearson correlation matrix is not real but induced by
the selection of the test cases.

These items can highlight to next researchers where
to focus their attention so that they do not repeat our
mistakes and improve the monitoring of parameters
relevant to the final fatigue life. The practical challenge
remains that these more complex characteristics are dif-
ficult to measure in typical post-production quality
control settings. Consequently, conservative design
approaches must currently rely on the lowest observed
fatigue strength values, unable to utilize the substantial
potential performance margin (nearly 50% higher) until
new parameters or measurement methods are devel-
oped. This work provides valuable insights for both
researchers and industrial practitioners, highlighting
how specific machining parameters, particularly
cutting speed and final cut depths, can affect
the fatigue performance while emphasizing the need
for further research into currently unexamined factors
affecting fatigue life in high-strength steels.
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Nomenclature

A [%] Elongation

a, b[-] Parameters of the Kohout-Véchet
regression, material constants related
to fatigue strength and to the slope of
the inclined section

by [-] b parameter of the Kohout-Véchet
function after the modification by the
measured roughness and application
of the FKM-Guidelines '

B, C[-] Parameters of the Kohout-Véchet
regression: number of cycles at which
the curve changes the slope from
horizontal asymptotes to the inclined
part

CV[-] Coefficient of variation (standard
deviation divided by mean value)

D [mm] Diameter

f[Hz] Load frequency

F [mm/rev] Feed rate

FL Fatigue life

HCF High cycle fatigue

hy [mm] Last cut height

h, [mm] Second-last cut height

h3 [mm] Third-last cut height

hg [mm] Roughing cut height

kg [-] Correction coefficient for roughness

Nr[-] Number of cycles to failure

R [mm)] Cutter nose radius

Ra [pm] Mean arithmetic roughness

R, [MPa] Yield strength

R,, [MPa] Ultimate tensile strength

RS [MPa] Residual stresses

Rsm [pm] Mean spacing between profile peaks
of roughness

Rz [pm] Maximum peak to valley height
roughness

S SD [-] Standard deviation

6, [MPa] Stress amplitude

or; [MPa] Fatigue limit

V. [m/min] Cutting speed at min D

Z [%] Cross Section Contraction
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